Abstract Neuroblastoma is the most common extracranial solid tumor of childhood. While survival rates are high for localized disease, treatment response remains poor for a subset of patients with large tumors or disseminated disease. Thus, there remains much room for improvement in treatment strategies for this disease. Using in vitro and in vivo systems, we present glycogen synthase kinase-3b (GSK-3b) inhibition as a potential mechanism to treat neuroblastoma. Using the specific GSK-3b inhibitor SB415286, we demonstrate that GSK-3b inhibition decreases the viability of Neuro-2A cells, as determined by cell proliferation assay and clonogenic survival. Moreover, we show that GSK-3b inhibition induces apoptosis in neuroblastoma cells, as determined by Annexin V staining and confirmed with DAPI staining. Using flow cytometry, we are able to demonstrate that SB415286 induces the accumulation of cells in the G2/M phase of the cell cycle. Finally, we show that these in vitro results translate into delayed tumor growth in vivo using a heterotopic tumor model in nude mice treated with SB415286. These findings suggest that GSK-3b is a potential molecular target for the treatment of neuroblastoma.
Introduction
Neuroblastoma is an extracranial solid tumor of childhood, accounting for 7.8% of childhood cancers in the United States with approximately 650 new cases diagnosed per year, according to the Surveillance, Epidemiology, and End Report (SEER). It is a malignancy of the neural crest cells arising from the adrenal medulla and paraspinal sympathetic ganglia. Neuroblastoma accounts for 8-10% of all childhood cancers and for approximately 15% of cancer deaths in children. While localized tumors are often responsive to chemotherapy, patients with high risk phenotypes have long term survival rates of less than 40% despite multi-modality treatment approaches including chemotherapy, radical surgery, and radiation therapy [1, 2] . With only modest improvements in the outcomes of this high risk group during the past few decades, there is clearly a need for new treatment strategies, potentially represented by molecular target-directed drugs.
Glycogen synthase kinase 3 beta (GSK-3b) is a ubiquitously expressed multifunctional serine/threonine kinase [3] . Initially identified as a kinase and inactivator of glycogen synthase, it is now known to have over forty substrates [4] and to regulate a wide range of cellular functions including differentiation, growth, proliferation, motility, cell cycle progression, and apoptosis [5] . Aside from its association with non-insulin dependent diabetes mellitus, it is highly expressed in the brain and contributes to neurologic disorders such as Alzheimer's disease, schizophrenia, and bipolar disorder [6] . Of special interest is the involvement of GSK-3b in cancer, with data supporting both a role as a tumor suppressor or a tumor promoter, a discrepancy that depends on cell type and conditions. For example, the kinase has been shown to inhibit androgenreceptor stimulated cell growth in prostate cancer, thus acting as a tumor suppressor [7] . In contrast, GSK-3b is highly expressed in colorectal cancer [8, 9] and has been shown to participate in nuclear factor jB (NFjB)-mediated cell survival in pancreatic cancer [10] , thus behaving like a tumor promoter. Moreover, the kinase has dual functions in the regulation of cell survival where it can either activate or inhibit apoptosis [4] , further complicating its involvement in cancer. Therefore, it is important to carefully study GSK-3b in specific cell types of interest to determine whether potential therapeutic gains can best be made from either the inhibition or activation of this molecular target.
Recent evidence suggests a potential role for GSK-3b inhibition in the treatment of neuroblastoma. In a B65 neuroblastoma cell line, inhibition of the kinase-induced cell cycle arrest that corresponded with reduced cell proliferation in vitro [11] . Similarly, benefits of GSK-3b inhibition have been observed in ovarian [12] , pancreatic [10, 13] , glioblastoma [14] , and colorectal [8, 9] cancer. In the present study, we further investigate the potential benefits of GSK-3b inhibition in neuroblastoma and determine whether these results translate into an in vivo model.
To inhibit GSK-3b we studied the anilinomaleimide SB415286, which inhibits GSK-3b in an ATP competitive manner. In previous studies, lithium has been most commonly used to investigate the effects of GSK-3b inhibition, but it is nonspecific and may produce results due to other kinase inhibition [15] . In contrast, the small molecule inhibitor SB415286 is potent and highly specific [16] . Although much less data has been published using this drug, it has been shown to elicit responses attributable to GSK-3b inhibition without affecting other kinases [17] . Thus, it might serve as a better tool to study GSK-3b function in neuroblastoma. We found that GSK-3b inhibition leads to reduced proliferation and increased apoptosis in neuroblastoma cells. Most importantly, we show for the first time that these effects translate into delayed tumor growth in vivo.
Materials and methods

Cell culture and GSK-3b inhibitor
Neuro-2A mouse neuroblastoma cells were established by R. J. klebe and F. H. Ruddle from a spontaneous tumor in albino strain A mice and were obtained from ATCC. The SK-N-BE (2) neuroblastoma cell line was developed by J. L. Biedler from a bone marrow biopsy. SK-N-BE (2) was obtained from ATCC. These cells express high levels of N-Myc [18, 19] . The SK-N-SH neuroblastoma cell line was developed by J. L. Biedler from a bone marrow biopsy. SK-N-SH was obtained from ATCC. These cells are deficient for N-Myc [18, 19] . Cells were maintained in DMEM with 10% FBS and 1% penicillin/streptomycin (Life Technologies, Gaithersburg, MD) and were grown in a 5% CO 2 incubator at 37°C. SB415286 (3-[(3-Chloro-4-hydroxyphenyl)amino]-4-2(nitrophenyl)-(1H-pyrrole-2,5-dione) was purchased from Tocris biosciences, Ellisville, MO.
Colorimetric cell proliferation assay
Cell proliferation was determined using cell titer 96 Aqueous Non-Radioactive Cell Proliferation Assay reagent (Promega). The assay was done following the manufacturers protocol. Briefly equal numbers of Neuro-2A cells were plated into different wells of a 96-well plate and were treated with various concentrations of SB415286 for 24, 48, 72, or 96 h. Cell viability was determined colorimetrically by measuring absorbance at 490 nm. Experiments were done in triplicate and average fold changes relative to control and standard errors were calculated.
Colony formation assay
Equal amounts of Neuro-2A cells were plated on 6 cm dishes. After 4-5 h, cells were treated with either DMSO control or 25 lM SB415286. Colonies were allowed to form for 10 days after which cells were fixed with 70% ethanol and stained with 1% methylene blue. Colonies having greater than 50 cells were counted under a microscope and plotted. Experiments were repeated in triplicate and means and standard error were calculated.
Apoptosis assays
Apoptosis was measured using Annexin V-APC/propidium iodide detection kit (BD PharMingen, San Diego, CA) following the manufacturer's protocol. Briefly, 10 5 Neuro-2A cells treated with DMSO or 25 lM SB415286 for 24, 28, 72, or 96 h were incubated with Annexin V-APC/propidium iodide and analyzed by flow cytometry using a twocolor FACS analysis (BD LSR II). The percentage of cells staining positive for Annexin V was calculated, and means and standard error were plotted. Alternatively, apoptosis was also determined using 4 0 ,6-diamidino-2-phenylindole (DAPI) staining. Neuro-2A cells were grown on slides and treated with either DMSO or 25 lM SB415286 for 24, 48, 72, or 96 h. After treatment, cells were washed with PBS, fixed with 4% paraformaldehyde and stained with 5 lg/ml of DAPI at room temperature for 10 min. Nuclear morphology was observed using a fluorescent microscope equipped with a digital camera. Apoptosis was quantified by counting the percentage of cells in 5-7 randomly selected high power fields (HPF) with apoptotic nuclear morphology at the single cell level. Mean and standard error were calculated for each time point and treatment group.
Immunoblot analysis
Neuro-2A cells were plated on 10 cm dishes and treated with DMSO or 25 lM SB415286 for 24, 48, 72, or 96 h. After 5 days, cells were lysed and harvested using M-PER mammalian protein extraction reagent (Pierce, Rockford, IL). Protein concentrations were quantified using BCA Reagent (Pierce, Rockford, IL) and equal amounts of protein (40 lg) were subjected to western immunoblot analysis using antibodies to beta-catenin (Cell Signaling), X-linked inhibitor of apoptosis protein (XIAP, BD Transduction Laboratories), and Bcl-2 (Santa Cruz). Antibody to actin was used to evaluate protein loading in each lane. Immunoblots were developed using the Western Lighting Chemiluminescence Plus detection system (PerkinElmer, Wellesley, MA) according to the manufacturer's protocol.
Cell cycle analysis
Neuro-2A Cells were plated in 10 cm dishes and treated with DMSO or 25 lM SB415286 for 24, 48, 72, or 96 h. Cells were trypsinized, fixed with 70% ethanol, and incubated overnight at -20°C. Cells were pelleted and resuspended in 200 ll of PBS with 50 ll DNAase-free, RNAase A, and incubated at 37°C for 30 min. Propidium iodide (750 ll) was added and cells were incubated at room temperature for 15 min and analyzed by flow cytometry. The flow data obtained from the samples were then analysed using the software for cell cycle, Modfit LT 3.0. The average percentages of cells in G1G0 or G2-M phases of the cell cycle were quantified and standard error was calculated for three experiments.
Silencing of GSK-3b with shRNA
To identify shRNA sequences that could knockdown GSK3b in neuroblastoma cells, we screened five MISSION shRNA clones NM_019827.2-1527s1c1 (Sigma-Aldrich, St. Louis, MO) targeted against the mouse GSK-3b sequence. MISSION shRNA clones together with packaging and envelope plasmids pUMVC and pCMV-VSV-G (provided by Sheila Stewart, Washington University), were transfected into HEK293T packaging cells using Fugene 6. At 48 h post-transfection, virus-containing media was used to infect neuroblastoma cells. GFP was used to monitor the efficiency of HEK293T transfection and infection. After selection with puromycin (1 lg/ml) for 36-48 h, cells were tested for GSK-3b expression by immunoblotting and then used for clonogenic survival assays and immunoblot analyses.
Mice, treatment, and tumor growth delay All animal procedures used in this study were approved by the Department of Comparative Medicine (DCM) at Washington University, and the housing and handling of animals followed DCM guidelines. 5 9 10
6 Neuro-2A cells were injected into the right flank of nude mice. Once tumors were palpable, tumors were measured via calipers and mice were stratified into two treatment groups of 5-6 mice representing similar distributions of tumor sizes. Mice were then treated with DMSO or 1 mg/kg SB415286 i.p. once daily for 5 consecutive days. Tumor volumes were followed every day by external caliper measurements. Tumor volumes for each animal were normalized to the initial tumor volume at the start of treatment, and the mean tumor fold increase and standard error was calculated for each treatment group. The mice on day 6 treatment of DMSO were euthanized as the tumors were larger than 1000 mm 3 and were not allowed by the animal protocol.
Results
GSK-3b inhibition decreases cell proliferation in neuroblastoma cell lines
GSK-3b has been described as both a tumor promoter and a tumor suppressor depending on the cancer cell type [5] . To elucidate the role of GSK-3b in neuroblastoma, we investigated how SB415286, a selective GSK-3 inhibitor with K i of 31 nmol/l [15] , affects cell proliferation in Neuro-2a, SK-N-SH and SK-N-BE (2). Equal numbers of cells were plated in a 96 well plate and the following day treated with concentrations of 0, 1, 2.5, 5, 10, 25, 50 and 100 lM SB415286 for 24, 48, 72, or 96 h. The plates were read at 96 h using the colorimetric cell proliferation assay by measuring the absorbance at 490 nm. All three neuroblastoma cell lines showed reduction in cell proliferation after 24 h of treatment with 25 lM SB415286, with a maximum reduction at 96 h ( Fig. 1 a, b, c) . This antiproliferative effect was dose and time dependent at 25, 50 and 100 lM at 24, 48, 72 and 96 h. These results indicate that inhibition of GSK-3b by small molecule inhibitors attenuates neuroblastoma cell proliferation. For further assays we used 25 lM of SB415286.
GSK-3b inhibition reduces neuroblastoma cell survival
To determine whether GSK-3b inhibition reduces cell viability and survival of neuroblastoma cells, we performed GSK-3b inhibition induces apoptosis in Neuro-2A
One of the many cellular functions of GSK-3b is the regulation of apoptosis [5] . To determine whether the reduction in Neuro-2A cell proliferation and cell survival observed following GSK-3b inhibition could depend in part on the promotion of apoptosis, we used flow cytometry to stain for the apoptotic marker Annexin V. Neuro-2A cells were treated with 25 lM of SB415286 or DMSO for 24, 48, 72, or 96 h. Cells were stained with Annexin V-APC and propidium iodide, and then analyzed by flow cytometry. Apoptotic cells were identified as those that were Annexin V positive. Consistent with the cell proliferation assay ( Fig. 1) , no significant effects on apoptosis were observed following treatment with SB415286 for 24 h (Fig. 2b) . However, the percentage of cells with apoptotic nuclei increased from 9 to 16% at 48 h, 6.3 to 10.5% at 72 h, and 5.7 to 12.4% at 96 h, illustrating that apoptosis is promoted by GSK-3b inhibition in neuroblastoma. To further confirm that GSK-3b inhibition induced apoptosis in Neuro-2A cells, we studied the nuclear morphology of cells following DAPI staining (Fig. 2c) . Slides containing Neuro-2A cells were treated with 25 lM of SB415286 or DMSO for 24, 48, 72, or 96 h and subsequently stained with DAPI. The percentage of cells with apoptotic nuclei increased from 5 to 42% at 48 h, 5 to 38% at 72 h, and 3 to 50% at 96 h (Fig. 2d) , confirming the induction of apoptosis following treatment. Together, these results suggest that the reduced cell survival induced during GSK-3b inhibition is associated with increased apoptosis.
GSK-3b reduces the expression of anti-apoptotic proteins
Neuroblastoma cell proliferation and differentiation is regulated by the induction of apoptosis [20] . It has been documented in renal cell carcinoma that GSK-3b may inhibit apoptosis by inducing the expression of anti-apoptotic proteins XIAP and Bcl-2 [21] . Immunoblotting was performed to determine if GSK-3b inhibition-induces apoptosis in Neuro-2A cells and if so whether XIAP and Bcl-2 plays a role. GSK-3b in Neuro-2A cells was inhibited either by 25 lM SB415286 or by specific shRNA to GSK-3b. The treated cell lysates were probed for XIAP and Bcl-2 using western immunoblot. Following inhibition of GSK-3b in Neuro-2A, protein levels of both of XIAP and Bcl-2 were reduced (Fig. 3a, b) . This suggests that GSK-3b inhibition might induce apoptosis in neuroblastoma in part by reducing expression of the anti-apoptotic proteins XIAP and Bcl-2.
To confirm that SB415286 and specific shRNA inhibits GSK-3b function, we studied the protein expression of bcatenin, a downstream target of GSK-3b. Active GSK-3b normally phosphorylates b-catenin, leading to its degradation by the ubiquitin-proteasome system. Thus, inhibition of GSK-3b should induce the accumulation of b-catenin. b-catenin was stabilized following treatment with both SB415286 and shRNA specific to GSK-3b, confirming inhibition of GSK-3b. GSK-3b interacts with proteins that regulate cell cycle progression, further indicating a role for GSK-3b in cancer [11] . In fact GSK-3b inhibition can induce G2/M cell cycle arrest in colon, ovarian, and pancreatic cancer [8, 10, 12, 13] . We therefore investigated the effect of SB415286 on cell cycle parameters. Neuro-2A cells were treated with 25 lM of SB415286 or DMSO for 24, 48, 72, or 96 h. Cells were then stained with propidium iodide and analyzed by flow cytometry. Propidium iodide staining allowed us to determine the DNA content of the cells, which provides information on the percentage of cells in G0G1, S phase, and G2/M. Following GSK-3b inhibition, the percentage of cells at G2/M increased (from 11.9-21.31%, P = 0.0001) at 24 h, and this effect was continued at later time points (Fig. 4) . There was also a parallel increase in the percentage of treated cells in the S phase of the cell cycle as compared to control. Conversely, the percentage of treated cells in G0G1 decreased by 24 h after treatment with SB415286 as compared to control (55.4-40.7%, respectively, P \ 0.0001). This suggests that GSK-3b plays a role in cell cycle regulation and that GSK3b inhibition induces an accumulation of Neuro-2A cells at G2/M and in the S phase of the cell cycle.
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GSK-3b inhibition induces neuroblastoma tumor growth delay in mice
To determine the efficacy of GSK-3b inhibition in reducing growth of neuroblastoma in vivo, a tumor growth assay was performed. Even though our in vitro results already showed promising effects of SB415286 in the treatment of Neuro-2A cells, a significant in vivo tumor growth delay provides stronger evidence of therapeutic potential. Neuro-2A cells were injected sub cutaneously into the right flanks of nude mice, and tumor-bearing mice received daily i.p injections of vehicle or SB415286 for 5 days. Tumor volume was determined by caliper measurements. As shown in Fig. 5 , GSK-3b inhibition produced a significant tumor growth delay ([2 days), with effects observed by the third day of treatment.
Discussion
Neuroblastoma, a neoplasm of the sympathetic nervous system, is the second most common extracranial malignant tumor of childhood and the most common solid tumor of infancy. Understanding the molecular biology of neuroblastoma could help identify key targets that can efficiently be exploited therapeutically. GSK-3b, a multifaceted kinase that regulates various cellular pathways, has been a target for drug development in the treatment of diabetes, Alzheimer's disease and various neurological diseases [6] , and has also been of interest to use against various cancers. GSK-3b inhibitors are reported to have been used against cancers like human MLL leukemia [20] renal cell carcinoma [22] colorectal cancers [8] ovarian cancer [12] and prostrate cancer [23] .
In the present study we show that inhibition of GSK-3b either by small molecule inhibitor SB415286 or by a specific shRNA decreases the cell viability of a neuroblastoma cell lines Neuro-2A, SK-N-SH, and SK-N-BE (2) (Figs. 1a,  b, c, 2a) . The decreased viability in Neuro-2A cells can be explained by induction of apoptosis (Figs. 2b, c, d, 3 a, b ) and cell cycle arrest (Fig. 4 a, b) .
We further evaluated the effects of GSK-3b inhibition on cell survival and proliferation in Neuro-2A cancer cells. It has been reported that inhibition of GSK-3b leading to increased levels of b-catenin can antagonize NF-jB activity by stabilizing the b-catenin-p65 complexes that are transcriptionally active. We show that Neuro-2A cells treated with SB415286 induces accumulation of b-catenin compared to untreated controls (Fig. 3a, b) , indicating that GSK-3b inhibition leads to stabilization of b-catenin that could potentially inactivate NFjB. Inhibition of GSK-3b leads to suppressed basal NFjB transcriptional activation of a subset of anti-apoptotic proteins like Bcl-2 and XIAP in pancreatic cancer cell proliferation [10] . GSK-3b has paradoxical effects on apoptosis; it inhibits extrinsic death receptor-mediated apoptosis, but promotes the mitochondrial intrinsic apoptotic pathway [24, 25] . XIAP can inhibit apoptosis by directly binding and inhibiting several caspases [26] . It has been reported that XIAP could inhibit the promotion of intrinsic apoptosis signaling by GSK-3 through binding to GSK-3 [25] . In our present study we show that inhibition of GSK-3b with SB415286 reduced Bcl-2 and XIAP proteins in Neuro-2A cancer cells (Fig. 3  a, b ) consistent with the promotion of apoptosis. GSK-3b inhibition either by lithium or SB415286 has been shown to increase stabilization of anti apoptotic protein Bcl-2 and decreased amounts of pro-apoptotic protein Bax in normal hippocampal cells . This increase in Bcl-2 protected the normal hippocampal cells from radiation induced apoptosis [27] . GSK-3b has been shown to regulate cyclin/cyclindependent kinases (cdk). The activity of cdks determines cell cycle progression through checkpoints, including the gap1 (G1), synthesis (S) and G2/M checkpoint eventually leading to mitosis. In the present study we also found that Neuro-2A cells, when treated with SB415286, have a prolonged S phase followed by a G2/M cell cycle arrest compared to untreated cells. This could be due to regulation of Cdc2 by GSK-3b which was shown to lead to G2/M arrest in rat B65 neuroblastoma cells.
Recently it has been shown that GSK-3b promotes the survival and proliferation of glioblastoma cells by protecting them from apoptosis [14] . In our studies, the small molecule inhibitor SB415286 repressed the growth of neuroblastoma in tumor growth studies in mice (Fig. 5) . Taken together, the present data and previous studies indicate that small ) were injected in the flank of nude mice and allowed to grow until palpable. Mice bearing the tumors were treated with 1 mg/kg GSK-3b inhibitor SB415286 (dark square) or DMSO (dark circle) as indicated by arrows. Tumor volume was measured every day for 6 days. The mice on day 6 treatment of DMSO were euthanized as the tumors were larger than 1000 mm 3 and were not allowed by the animal protocol
